Introduction
The first step towards the establishment of a seismic building code in a country is the evaluation of probabilistic seismic hazard. The method for estimating probabilistic hazard was initiated more than 30 years ago (Cornell, 1968; McGuire, 1976) . Since then, several variants of the method have been proposed and many aspects of the probabilistic computation have been studied and improved, but one hypothesis dealing with the characterisation in space of seismicity is still widely in use in low seismicity regions: seismicity is assumed to be uniformly distributed inside large aerial source zones. Indeed, because low-seismicity regions usually display diffuse seismicity and active faults are very difficult to identify, large aerial source zones are defined according to different geophysical and geological criteria. However, it is well-known that the distribution of seismicity in space is not uniform but clustered. One way of analyzing the spatial distribution of seismicity is to determine the fractal dimension (D-value) . This D-value is an extension of the Euclidean dimension and measures the degree of clustering of earthquakes: in a 2d-space, D can be a decimal number and ranges from 0 (point) to 2.0 (uniform distribution in space).
This study aims at characterizing the uncertainty on probabilistic hazard depending on the knowledge on the degree of clustering of the seismicity distribution. The fractal dimension considered in this study is the correlation dimension (Grassberger and Procaccia, 1983) . We first establish a correlation between D and the associated uncertainty on hazard, through the generation of synthetic seismic distributions. Then we apply this approach in two regions of France and Germany and deduce, from the D-value estimations, the corresponding uncertainty bounds on probabilistic hazard estimations.
Synthetic source zone: which impact for which D?
A quadratic seismic source zone is considered and the hazard is estimated for a grid of sites located inside the source zone (Fig. 1a,b) . Synthetic seismic distributions are generated over the source zone, increasing the clustering of the seismicity from a line (D≅1.0) to a uniform distribution over the area (D≅2.0). The D-value is computed for each seismicity distribution by estimating the slope of the linear part of the correlation integral (Grassberger and Procaccia, 1983; Goltz, 1998) . The correlation integral is established from 3000 events generated over the zone according to the spatial density probability and D is computed over the interval km. Therefore, positive impacts correspond to sites where the uniform distribution of seismicity results in an increase of hazard.
The probabilistic seismic hazard is estimated according to the classical methodology and earthquakes are assumed to follow a Poissonian process in time (Cornell, 1968; McGuire, 1976 ). An acceleration determined for a return period of e.g. 475yrs has a probability of 10% of being exceeded at least once over a time of 50 years. Once the spatial density probability distribution is obtained, the seismic rate is distributed over the source zone. The overall seismicity rate is fixed to 100 events with M≥3.0 per year. For each unit, the truncated Gutenberg-Richter recurrence curve for magnitudes is modeled with a slope b=1.0 and a maximum magnitude fixed to 6.0. Furthermore, the minimum magnitude considered in the probabilistic computation is 4.5 and the ground-motion predictions of the attenuation relationship are truncated at +3σ above the median. When the seismicity is distributed uniformly, the resulting acceleration at the PGA (Peak Ground Acceleration) is 0.29g at 475 years, which corresponds to sites of highest seismic hazard in countries like France or Germany.
However, the results of this study do not depend on absolute values since impacts correspond to a normalized difference with respect to the uniform hazard value.
Examples of impact estimation are displayed in Fig. 1 for two synthetic seismicity distributions characterized by two different D-values (1.05 and 1.45). The impact distribution (Fig. 1b,c) can be considered as the uncertainty distribution characterizing the uniform hazard estimated at a site anywhere inside the source zone.
Impact on probabilistic hazard versus D-value of source zones
For a fixed theoretical D-value, different spatial patterns and slightly different computed D-values may result. Impacts are determined for 30 runs per theoretical D-value. From each distribution, the percentiles 15% and 85% are computed. Then, for each percentile, mean values are determined within a 0.1-interval. The results are displayed on Fig. 2a for the return period 475yrs. Sites where the uniform distribution of seismicity results in an increase of hazard are more numerous than sites where it results in a decrease. Therefore, the uniform distribution of seismicity within a large aerial source zone leads globally to an over-estimation of hazard. If the seismicity embedded in an aerial source zone distributes in reality along a line, the impact of the uniform hypothesis on hazard can be as high as 70% for the 85% percentile. As expected, the percentiles 15% and 85% tend to zero when the D-value increases, the seismicity is less and less clustered. In Fig. 2b , the percentile curves for the return periods 10 4 and 10 7 years are superimposed to the results at 475 years. The median values of the impact distributions for the three return periods are also displayed (Fig. 2c) . When the return period increases, the over-estimation is slightly increased: the percentiles shift to higher values.
Application to two regions: according to D, what is the uncertainty on hazard?
The approach is applied in two regions of France and Germany. In the Alps, D-values are computed from the instrumental LDG catalog (homogeneous magnitude M L ; Nicolas et al., 1998) ; all magnitudes higher than 3.0 are taken into account over the period . For the Lower Rhine Area, D-values are computed from the instrumental part of the German catalogue (Leydecker, 2004) ; all magnitudes higher than 2.5 over the period 1975-2004 are included. As depths' determination bear large uncertainties, distances are estimated in 2d only.
A spatial mapping of D-values in these two regions indicates that the D-value ranges roughly between 1.3 and 1.6 (see Fig. 3 for the German part). According to the results on synthetic seismic distributions, this range of D-value corresponds to an over-estimation on hazard of up to 60% for the 85% percentile, or an under-estimation of hazard of ~25% for the 15% percentile.
Conclusions
If minimum and maximum bounds for the fractal D-value can be estimated for a region, the uncertainties on probabilistic hazard due to the uniform hypothesis in space can be bounded accordingly. A correlation between the impacts on hazard and the D-values of the source-zones is derived from the generation of synthetic seismicity distributions. The results show that a uniform distribution of seismicity inside an aerial source zone leads on average to conservative hazard estimates. The approach applied in the Alps and in the Lower Rhine Area yields an over-estimation of the probabilistic hazard of up to 60% for the 85% percentile. The only way to reduce the spatial distribution of seismicity is to identify active faults; more geophysical studies and longer instrumental catalogues are required in low-seismicity countries such as France or Germany. km; dashed lines define the seismotectonic source zone 'Lower Rhine Area' (zoning by Leydecker and Aichele ,1998) 
